Macrophage dysfunction in obesity and diabetes is associated with persistent inflammation and poor wound healing responses. Relevant to these phenotypes, we have previously shown that macrophage activation in a high-fat environment results in cell death via a mechanism that involves lysosome damage. While searching for signaling pathways that were required for this response, we discovered that mTOR inhibitors, torin and rapamycin, were protective against lipotoxic cell death in primary peritoneal macrophages. The protective effect of mTOR inhibition was also confirmed by using genetic loss-of-function approaches. Given the importance of mTOR in regulation of autophagy we hypothesized that this pathway would be important in protection from cell death. We first demonstrated that autophagy was disrupted in response to palmitate and LPS as a consequence of impaired lysosome function. Conversely, the mTOR inhibitor, torin, increased macrophage autophagy and protected against lysosome damage; however, the beneficial effects of torin persisted in autophagydeficient cells. Inhibition of mTOR also triggered nuclear localization of TFEB, a transcription factor that regulates lysosome biogenesis and function, but the rescue phenotype did not require the presence of TFEB. Instead, we demonstrated that mTOR inhibition reduces mitochondrial oxidative metabolism and attenuates the negative effects of palmitate on LPS-induced mitochondrial respiration. These results suggest that inhibition of mTOR is protective against lipotoxicity via an autophagyindependent mechanism that involves relieving mitochondrial substrate overload. On the basis of these findings, we suggest that therapies to reduce macrophage mTOR activation may protect against dysfunctional inflammation in states of overnutrition, such as diabetes.
Introduction
The prevalence of obesity and diabetes continues to increase at a staggering rate in the Western world. Impaired responses to tissue injury and infection are characteristic of these diseases, which leads to significant morbidity and mortality [1] [2] [3] . Increasing evidence suggests that macrophage dysfunction in diabetes is an important contributor to these phenotypes [4, 5] ; however, mechanisms that underlie macrophage pathology in diabetes are not well understood.
Diabetes is associated with excess circulating nutrients, including glucose and FAs, which likely contribute to complications of this disease [6, 7] . When FA levels exceed the storage capacity of adipose tissue, ectopic lipid deposition occurs in peripheral tissues, including macrophages [8] . Diabetic macrophages have increased FA content and dietary SFA palmitate, in particular, is abundant [9] . These observations led us to explore how palmitate and other SFAs impact macrophage response to inflammatory stimuli. To investigate this question, we focused on the macrophage activation program downstream of TLR4, as this molecule is robustly expressed by macrophages and plays a key role in the response to bacterial and host-derived danger signals [10, 11] . Although it has been reported that SFAs can also be ligands for TLR4, more recent evidence calls this into question [12, 13] .
In previous studies, we have shown that activation of lipidloaded macrophages with the TLR4 ligand LPS produces several lipotoxic phenotypes, including ceramide accumulation, inflammasome activation, and cell death [14] [15] [16] . Of interest, cell death and inflammasome activation occur via a pathway that requires lysosome damage. Surprisingly, upstream signaling involved in macrophage cell death is independent of canonical TLR signaling molecules, including MyD88, JNK, ERK, p38 MAPK, and NF-kB. Instead, activation of the alternate TLR4 adaptor, TIR (Toll/IL-1R) domain-containing adapter inducing IFN-b (TRIF), independent of interferon, is required for toxic crosstalk with dietary SFAs [14] .
In this study, we discovered that mTOR is activated downstream of TLR4 and its inhibition reduces lipotoxic macrophage cell death. The central role of mTOR in regulation of autophagy led us to investigate whether this process was responsible for the cytoprotective effect of mTOR inhibitors. We found that the combination of LPS and palmitate impaired autophagic flux at the level of the lysosome. Conversely, treatment with the mTOR inhibitor, torin, induced autophagy and reduced lysosome pathology; however, beneficial effects of mTOR inhibition occurred independently of autophagy or autophagy/lysosome transcription factor TFEB. Instead, we provide evidence that mTOR loss of function alters macrophage cell metabolism by decreasing the imbalance between metabolite influx and mitochondrial oxidative capacity, a response that may be protective against lipid stress.
MATERIALS AND METHODS

Reagents
Torin was purchased from R&D Systems (Minneapolis, MN, USA); bafilomycin A from Enzo Life Sciences (Farmingdale, NY, USA); and etomoxir, UK5099, BPTES, a-tubulin antibody, a-actin antibody, and a-lamininB antibody from Sigma-Aldrich (St. Louis, MO, USA). S6 kinase inhibitor and rapamycin were from EMD Millipore (Billerica, MA, USA). Phospho-and total S6 Kinase, AKT S473, and S6 antibodies were from Cell Signaling Technology (Danvers, MA, USA). a-LC3 antibody was purchased from Novus Biologicals (NB100-2220; Littleton, CO, USA); a-TFEB antibody from MyBioSsource (MBS120432; San Diego, CA, USA); and a-p62 antibody from Abcam (ab56416; Cambridge, MA USA). Lysotracker red was from Thermo Fisher Scientific (Waltham, MA, USA). CD107a (LAMP1)-PE antibody conjugate was from Ebioscience (San Diego, CA, USA). Ultrapure Escherichia coli LPS was from Invivogen (San Diego, CA, USA). Thioglycollate was from Difco-BD (Franklin Lakes, NJ, USA). FAs were from Nu-Chek Prep (Waterville, MN, USA). Ultrapure BSA was from Lampire (Ottsville, PA, USA) and was tested for TLR ligand contamination before use by treating primary macrophages and assaying for TNF-a release.
Cell culture
Peritoneal macrophages were isolated from C57BL/6 or the indicated knockout mice 4 d after i.p. injection of 3.85% thioglycollate and plated at a density of 1 3 10 6 cells/ml in DMEM that contained 10% inactivated fetal serum, 50 U/ml penicillin G sodium, and 50 U/ml streptomycin sulfate. Stimulations were performed on the day after harvest. For flow cytometry experiments, peritoneal cells were cultured on low adherence plates (Greiner Bio-One, Monroe, NC, USA) to facilitate cell harvest. Cells were removed from low adherence plates by washing with PBS followed by 10 min with Cell Stripper (Thermo Fisher Scientific), and then 10 min with DTA/trypsin (Sigma-Aldrich). Growth medium was supplemented with palmitate or stearate complexed to BSA at a 2:1 molar ratio as described previously [14] . BSA-supplemented media was used as control. For cell stimulations, PBS or LPS (50 ng/ml) were added to BSA or free FA-containing media.
Mice
WT C57BL/6 mice were bred in our mouse facility. ATG5flox 3 LysM-Cre, ATG16Lflox 3 LysM-Cre, and GFP-LC3 mice were from Skip Virgin (Washington University, St. Louis, MO, USA). mTOR and raptor floxed mice were obtained from The Jackson Laboratory (Bar Harbor, ME, USA) and bred to LysM-Cre mice. All lines were in the C57BL/6 background. Mice were maintained in a pathogen-free facility on a standard chow diet ad libitum (6% fat). All animal experiments were conducted in strict accordance with U.S. National Institutes of Health guidelines for humane treatment of animals and were reviewed by the Animal Studies Committee of Washington University School of Medicine.
RNA isolation and quantitative RT-PCR
Total cellular RNA was isolated by using Qiagen RNeasy columns (Valencia, CA, USA) and reverse transcribed by using a high-capacity cDNA reverse transcription kit (Applied Biosystems, Foster City, CA, USA). Real-time quantitative RT-PCR was performed by using SYBR green reagent (Applied Biosystems) on an ABI 7500 fast thermocycler. Relative gene expression was determined by using the d-d CT method normalized to 36B4 expression. Mouse primers sequences were as follows (all 59-39): 36B4: forward: ATC CCT GAC GCA CCG CCG TGA, reverse: TGC ATC TGC TTG GAG CCC ACG TT; LC3: forward: CGT CCT GGA CAA GAC CAA GT, reverse: ATT GCT GTC CCG AAT GTC TC; p62: forward: GCT GCC CTA TAC CCA CAT CT, reverse: CGC CTT CAT CCG AGA AAC; GFP: forward: ATC ATG GCC GAC AAG CAG AAG AAC, reverse: GTA CAG CTC GTC CAT GCC GAG AGT.
siRNA transfection pMACs were seeded at 7.5 3 10 5 cells/ml and allowed to adhere to plates for 4 h. After adhesion, cells were washed and transfected with 5 nM of control or TFEB siRNA SMART pool oligos (Thermo Fisher Scientific) by using DeliverX transfection reagent according to manufacturer instructions (Afftmetrix, Santa Clara, CA, USA). After transfection, cells were incubated for 72 h at 37°C followed by protein isolation to assess TFEB expression or stimulation with palm-LPS.
Cytosolic and nuclear extract preparation
Macrophages were plated in 5-cm dishes for a total of 5 3 10 6 cells. After stimulations, cells were washed with ice-cold PBS followed by addition of 200 ml cytosolic lysis buffer (0.5% Trition X-100, 50 mM Tris HCL, pH 8, 138 mM NaCl, 10% glycerol, 5 mM EDTA in distilled water). The cell slurry was then placed on ice for 15 min followed by centrifugation at 200 g for 10 min. Supernatant was saved as cytosolic fraction. The nuclear pellet was then washed with cytosolic lysis buffer for 5 min on ice and repelleted. To isolate nuclear protein, the pellet was incubated with 80 ml of nuclear lysis buffer (cytosolic lysis buffer + 0.5% SDS) and sonicated. Protein levels were assessed via Western blotting. 
Western blotting
RESULTS
mTOR inhibitors attenuate lipotoxic cell death in macrophages
We have previously shown that activation of TLR4 in macrophages that are exposed to SFAs, such as palmitate, undergo a form of cell death that is dependent on TRIF and lysosome dysfunction [14] . However, the mechanisms linking inflammatory signaling to lysosome pathology remain unclear. To investigate signaling pathways that alter lipotoxic cell death in macrophages, we screened several chemical inhibitors of inflammatory signaling pathways for protection against macrophage death in response to palmitate and LPS. Of interest, of compounds tested, only rapamycin and torin reduced cell death.
These findings were subsequently confirmed using annexin-PI staining ( Fig. 1A and B) . Torin also protected from cell death induced by the SFA, stearate, which indicated that this phenomenon was not unique to palmitate (Fig. 1C ) Both rapamycin and torin inhibit mTOR, which suggested that pathways regulated by this kinase may modulate macrophage cell death. mTOR can exist in 2 distinct complexes, known as mTORC1 and mTORC2, which are associated with adaptor proteins, raptor and rictor, respectively [17] . To evaluate activation of this kinase in response to LPS and palmitate we determined the phosphorylation status of the mTORC1 substrate S6K and mTORC2 substrate AKT (S473) after macrophage activation. LPS treatment led to sustained phosphorylation of S6K and AKT, whereas palmitate alone had little effect on either pathway. The combination of palmitate with LPS modestly decreased S6K phosphorylation and substantially blunted the levels of phospho-AKT compared with LPS alone (Fig. 1D ). As expected, both torin and rapamycin prevented phosphorylation of the mTORC1 substrate S6 kinase. Rapamycin is a relatively selective mTORC1 inhibitor and torin inhibits both mTOR signaling complexes. Consistent with this, AKT phosphorylation was affected by torin, but not rapamycin (Fig. 1E ).
mTOR knockdown in primary macrophages reduces lipid-induced cell death
To further evaluate the role of mTOR in macrophage cell death after palmitate and LPS activation, we isolated primary macrophages from mTOR floxed mice crossed to animals that contained the lysM-Cre transgene. In the LysM-Cre model, excision of the floxed allele with 1 copy of Cre can be incomplete; therefore, we compared phenotypes between floxed mice with no Cre (Cre neg) with those that contained 1 or 2 copies of Cre, referred to as CreX1 or CreX2. As can be seen in Fig. 2 , phosphorylation of the mTORC1 substrate S6K was reduced by 57 and 76% in CreX1 and CreX2 macrophages, respectively. In contrast, phosphorylation of the mTORC2 substrate AKT was reduced by ;35% in both Cre-expressing cells. After stimulation with control or palm-LPS, both lines of Cre-expressing macrophages were less susceptible to death as Protection from cell death was greatest in macrophages that contained 2 copies of Cre. To assess whether loss of mTORC1 was critical for this phenotype, we compared macrophages from LysM-Cre mice with LysM-Cre crossed to raptor floxed mice, in which mTORC1 signaling is selectively disrupted. LPS-induced phosphorylation of mTORC1 substrate S6K was suppressed in raptor KO macrophages, and cell death was also reduced in these cells after palm-LPS treatment ( Fig. 2D and E). Together this data confirms a role for mTOR in macrophage cell death in response to lipid inflammatory stimuli and suggests that mTORC1 signaling is more important for this phenotype. S6K is an important substrate of mTORC1. To assess the role of this enzyme in lipotoxic cell death, we treated macrophages with a pharmacologic inhibitor of S6K. Inhibition of S6K did not rescue, but, in fact, increased cell death in response to palm-LPS. This occurred at doses of the inhibitor that significantly reduced phosphorylation of S6K substrate S6, which indicates that the protective effect of mTORC1 loss of function occurs independent of S6K ( Fig. 2F and G) .
Lipid stress leads to dysfunctional autophagy
Autophagy is a cellular pathway that is tightly regulated by mTOR and that can be protective against many forms of cell stress [18] . To understand the interplay between autophagy and lipid overload in primary macrophages, we used several approaches to dissect the impact of LPS and palmitate on autophagic flux in pMACs. First, we evaluated protein levels of LC3-I and -II after stimulation with LPS, palmitate, or combination. Bafilomycin was included for the last 2 h of stimulation in a duplicate set of samples to assess flux to the lysosome. In the absence of bafilomycin, there were only subtle differences in LC3 levels in activated macrophages, with LPS-treated groups having slightly less LC3-II (Fig. 3A) . Addition of bafilomycin to prevent lysosomal degradation significantly increased levels of LC3-II in most groups, which was consistent with ongoing autophagic flux. The modest decrease in LC3-II that was observed with LPS was still apparent after bafilomycin treatment, which suggests that this observation was not a consequence of increased rates of autophagy, but rather of less total LC3 protein. Of note, the level of LC3-II protein in cells that were treated with palm-LPS only modestly increased with addition of bafilomycin, which suggests that lysosomal degradation was already impaired in these cells. The total amount of LC3 protein was also significantly decreased in macrophages that were treated with palm-LPS. In line with reduced levels of LC3 protein in LPS-treated groups, LC3 gene expression was also decreased by LPS. (Fig. 3B) .
The chaperone protein p62 plays an important role in shuttling ubiquinated proteins and macromolecules to autophagosomes for lysosomal degradation [19] . When autophagic flux increases, the rate of p62 degradation in the lysosome also increases. The opposite is true if autophagy is decreased and/or lysosomes are dysfunctional, which leads to p62 accumulation. Expression of p62 protein is also regulated at the transcriptional level, which can confound the interpretation of autophagic flux assays. When pMACs were treated with LPS, p62 mRNA was rapidly but transiently induced, and p62 aggregates could be observed in the cytoplasm ( Fig. 3B and D) . In contrast, palmitate elicited a delayed increase in p62 mRNA and was associated with a more diffuse appearance of p62 protein in the cytoplasm (Fig.  3E ). The combination of palmitate and LPS synergistically induced p62 mRNA and led to a massive accumulation of p62 protein that was diffuse throughout the cytosol (Fig. 3F) . Thus, the combination of palmitate and LPS results in profound accumulation of p62, likely involving transcriptional up-regulation and impaired lysosomal degradation.
Impaired lysosome function in lipidstressed macrophages
Data from LC3 and p62 analyses suggested that the combination of LPS and lipid stress altered autophagic flux, mainly at the level of the lysosome; however, transcriptional changes in both LC3 and p62 complicated this interpretation. As an alternate strategy to evaluate autophagic flux, we used mice that contained the GFP-LC3 transgene. Treatment of GFP-LC3 pMACs with LPS led to a large increase in GFP fluorescence that was not enhanced with bafilomycin, which suggested that LC3 protein was increasing but was not being delivered to lysosome at a high rate ( Fig. 4A and B) . This finding argued that either expression of GFP-LC3 was increasing or its degradation was decreasing in response to LPS. To investigate these possibilities, we quantified GFP mRNA expression by quantitative RT-PCR, and discovered that LPS significantly increased GFP mRNA levels in primary macrophages (Fig. 4C) . Despite this limitation, we reasoned that this system could still be used to determine the effects of palmitate on LC3 clearance in LPS-treated macrophages. As shown in Fig. 4 , initial induction of GFP-LC3 was similar between LPS-and palm-LPS-treated macrophages at 6 h; however, by 16 h, there was significantly more GFP-LC3 in the palm-LPS condition ( Fig. 4D and E) . Palmitate by itself did not affect GFP-LC3 signal. To determine whether the increased GFP fluorescence observed under palm-LPS conditions was related to impaired lysosomal degradation of GFP-LC3, we treated macrophages with LPS or palm-LPS with or without bafilomycin. Inhibition of lysosome function increased GFP fluorescence in LPS-treated macrophages, but had no effect in palm-LPS-treated cells ( Fig. 4F and G) . In fact, in the presence of bafilomycin, LPS-and palm-LPStreated cells were almost indistinguishable (Fig. 4G) . Together with LC3 protein flux analysis, these data suggest that neither palmitate nor LPS significantly modulates autophagic flux independently, but in combination, these stimuli disrupt autophagy by inducing lysosome dysfunction.
mTOR inhibition increases autophagic flux in primary macrophages
When activated, mTOR strongly suppresses autophagy. As such, mTOR inhibitors are typically strong activators of autophagy. To determine the effect of mTOR inhibitor torin on autophagy in primary macrophages, cells were treated with vehicle or torin with or without bafilomycin, and LC3 and p62 protein levels were assessed. Consistent with induction of autophagy, LC3 decreased with torin and this was blocked by coincubation with bafilomycin ( Fig. 5A) . Moreover, p62 protein decreased with torin and its expression levels were largely recovered with inhibition of lysosomal degradation (Fig. 5A) . Similar results were obtained by using macrophages from GFP-LC3 mice to quantify the effects of torin on autophagy. In these cells, torin treatment decreased GFP fluorescence and this was prevented by bafilomycin, which indicated that decrease in signal was related to lysosomal degradation of LC3-GFP ( Fig. 5B and C) . Moreover, immunofluorescence studies revealed increased LC3 puncta in torintreated cells when lysosomal degradation was inhibited with bafilomycin ( Fig. 5D-G) . Thus, torin treatment induces autophagy in primary macrophages.
Reduced cell death with mTOR inhibition is independent of autophagy
On the basis of the above findings, we hypothesized that torin might rescue lipotoxic cell death in macrophages by upregulating autophagy and detoxifying the cell to prevent lysosome damage. To determine whether autophagy was required for the protective effect of torin on cell death, we used macrophages that were deficient in autophagy proteins ATG5, ATG16L, and p62. The degree of cell death in response to palm-LPS was similar in WT compared with ATG5 and ATG16L KO cells and was slightly reduced in cells that lacked p62 (Fig. 6A-C) . However, torin treatment rescued cell death in all autophagydeficient cells, despite immunoblot evidence of impaired autophagy, which suggests that mTOR inhibition is protective via an autophagy-independent pathway.
TFEB accumulates in the nucleus with mTOR inhibition but is not required for protection from cell death
We have previously shown that lysosome dysfunction is involved in cell death that is triggered by lipid inflammatory stimuli [14] .
To determine the impact of mTOR inhibition on lysosome damage, we performed lysotracker red staining on torin-treated or mTOR KO macrophages stimulated with palm-LPS. When incubated with vehicle alone, palm-LPS caused a significant downshift in macrophage lysotracker red staining and this response was almost completely prevented by torin ( Fig. 7A and  B) . Similar protection was seen in mTOR-deficient macrophages (Fig. 7C) . The fact that loss of mTOR was protective against lysosome dysfunction led us to investigate the role of TFEB. Phosphorylation of TFEB by mTORC1 prevents this transcription factor from moving to the nucleus and renders it inactive [20] . Thus, mTOR inhibition would be predicted to increase nuclear TFEB and enhance expression of genes that are involved in lysosome biogenesis and/or lysosome exocytosis. In light of our prior data that indicate that TFEB overexpression can attenuate cell death in response to palm-LPS, we hypothesized that mTOR inhibition could protect against cell death by activating TFEB [14] .
To test this hypothesis, we first determined whether torin treatment induced TFEB nuclear localization in macrophages. pMACs were treated with vehicle, torin, or LPS, and cellular localization of TFEB was assessed by protein fractionation and immunofluorescence. We found that TFEB was predominantly cytoplasmic at baseline, but moved to the nucleus upon treatment with torin (Fig. 7D) . LPS treatment by itself further increased cytosolic TFEB, which was consistent with heightened mTORC1 activation. Nuclear translocation of TFEB was also visualized by immunofluorescence imaging of endogenous TFEB in macrophages that were exposed to torin (Fig. 7E) . To determine whether this response was responsible for the protective effect of mTOR inhibiters against lipotoxic cell death, we performed siRNA knockdown of TFEB. Treatment with siRNA oligos against TFEB reduced protein levels by .75% compared with control siRNA; however, torin treatment still reduced cell death after stimulation with palm-LPS (Fig. 7F) . Therefore, rescue of cell death by torin is independent of TFEB activation. Lysosome exocytosis is often up-regulated in response to lysosome damage to facilitate clearance of cellular waste [21] . In fact, augmenting lysosome exocytosis can be protective in lysosomal storage diseases [22] . To determine the effect of mTOR inhibition on lysosome exocytosis, we quantified surface expression of the lysosome membrane protein LAMP1 by using flow cytometry. In vehicle-treated cells, surface LAMP1 expression increased with palm-LPS treatment, likely as an adaptive response to lysosome stress. In contrast, surface LAMP1 did not increase in torin-treated macrophages that were treated with palm-LPS (Fig. 7G) . Thus, torin-mediated protection does not occur by enhancing lysosome exocytosis, but, rather, seems to act upstream of the lysosomal stress response.
mTOR inhibition alters macrophage metabolism
Activation of both mTOR complexes is also known to modulate cellular metabolism [23, 24] . To assess the impact of mTOR inhibition on macrophage metabolism, we treated primary macrophages with palmitate or LPS alone or in combination with or without torin, and measured mitochondrial oxidative function (OCR) and glycolysis by using a Seahorse Bioscience metabolic flux analyzer. At baseline and with maximal respiration, OCR was increased by LPS. Palmitate treatment by itself had very little effect on respiration; however, palmitate significantly blunted the LPS-induced OCR response. In contrast, cells treated with torin had decreased OCR at baseline compared with vehicle-treated cells. LPS still increased OCR in torin-treated macrophages, but the absolute magnitude remained less than that observed for vehicle-treated cells. Of interest, torin attenuated the suppressive effect of palmitate on LPS-induced increases in OCR. Similar profiles were observed at maximal respiration ( Fig. 8A  and B) . We also assessed glycolytic rates by measuring the ECAR, a surrogate for glycolysis. LPS treatment significantly increased glycolysis, whether or not palmitate was present. At baseline, torin did not affect ECAR; however, in LPS-and palm-LPS-treated macrophages, torin reduced ECAR by ;28 and 18%, respectively (Fig. 8C) . To investigate whether suppression of mitochondrial metabolism could be related to the protective effects of mTOR inhibition in macrophages, we assessed substrate use in LPSactivated macrophages. To perform this analysis, we measured OCR in macrophages under baseline and LPS-stimulated conditions, then injected inhibitors of the 3 main mitochondrial respiratory substrates, glucose (UK5099), FAs (etomoxir), and glutamine (BPTES), alone or in combination. Macrophages were stimulated with LPS for 16 h, then drugs were injected on the Seahorse Bioscience machine to assess their immediate effects on mitochondrial metabolism. Both etomoxir and BPTES significantly reduced mitochondrial respiration, but the magnitude of the effect was modest. UK5099 by itself had no significant effect on OCR (Fig. 8D) . Of interest, combining all 3 drugs decreased oxygen consumption by 62%, which was similar to the reduction observed with torin treatment (Fig. 8D) . We next investigated the impact of these metabolic inhibitors on palm-LPS-induced macrophage cell death. For the individual compounds, only BPTES reduced cell death and its effect was modest; however, the combination of metabolic inhibitors significantly reduced cell death, and this response was similar to what was seen with mTOR inhibitors (Fig. 8E) . Thus, reducing mitochondrial substrate flux protects against lipid-induced macrophage cell damage.
DISCUSSION
A growing body of evidence implicates lipid-induced macrophage dysfunction in development of diabetes complications after tissue injury or infection [4, 5, 14] ; however, the molecular basis of macrophage toxicity remains unclear. In response to tissue damage, TLR agonists promote macrophage activation and inflammation [25] [26] [27] . This is followed by a resolution phase during which macrophages release anti-inflammatory molecules and proangiogenic factors. Diabetes is associated with increased circulating FAs, which leads to lipid accumulation in nonadipose cells, including macrophages. In prior studies, we have shown that macrophage activation by TLR4 agonists in an SFA-rich nutrient microenvironment promotes macrophage cell death via a pathway that involves lysosome damage and dysfunction [14, 15, 28] . To dissect the signaling pathways upstream of macrophage cell death, we performed a small-scale chemical screen of signaling inhibitors. By using this approach, we discovered that mTOR inhibitors, rapamycin and torin, attenuated macrophage lipotoxicity, which suggested a pathologic role for mTOR in the response to lipid stress. mTOR kinase exists as 2 protein complexes, known as mTORC1 and mTORC2, each of which have distinct substrates [29] . The canonical targets of mTORC1 and mTORC2 are S6K and AKT, respectively. On one hand, torin is an ATP-competitive inhibitor of the mTOR catalytic site and, thus, inhibits both mTORC1 and mTORC2 [30] . Rapamycin, on the other hand, interacts with the mTOR kinase indirectly through FKBP12, which leads to selective inhibition of mTORC1; however, prolonged rapamycin exposure has been shown to also disrupt mTORC2 signaling in some cell types [31] . After treatment with LPS, both mTORC1 and mTORC2 are activated in pMACs. Given that both torin and rapamycin reduce lipotoxic macrophage cell death, we hypothesized that mTORC1 inhibition was more likely to mediate protection. Further support for this came from our genetic studies in which the extent of mTORC1 signaling inhibition directly correlated with protection. This was not observed for loss of mTORC2 signaling. Moreover, we also Figure 6 . Rescue of lipotoxic cell death by mTOR inhibition occurs independent of autophagy. (A) WT and ATG5KO pMACs were treated with BSA-PBS or palm-LPS 6 torin, and cell death was assessed by annexin-PI flow cytometry. (B) WT and ATG16LKO pMACs were treated with BSA-PBS or palm-LPS 6 torin, and cell death was assessed by annexin-PI flow cytometry. (C) WT and p62 KO pMACs were treated with BSA-PBS or palm-LPS 6 torin, and cell death was assessed by annexin-PI flow cytometry. For each KO mouse, total protein was isolated and analyzed for p62 6 LC3 by Western blotting. veh, vehicle. Bar graphs report means 6 SE for a minimum of 3 experiments, each performed in triplicate. *P , 0.05 for BSA-PBS vs. palm-LPS; # P , 0.05 for veh vs. torin. confirmed these findings by using raptor KO mice, in which mTORC1 signaling is selectively disrupted.
Although mTORC1 has many functions, it is a well-described regulator of autophagy. Autophagy is a highly conserved process that facilitates cell survival in times of nutrient deprivation and also plays a role in cell quality control through removal of dysfunctional proteins and organelles [32, 33] . In this study, we provide evidence that autophagy is disrupted at the level of the lysosome in macrophages that are exposed to palmitate and LPS by using Western blot analysis of autophagy markers and GFP-LC3 flux assays. Of interest, neither LPS nor palmitate altered autophagy in pMACs on their own. Relevant to the field, we also discovered that LPS treatment increases the level of GFP-LC3 mRNA in mice that harbor this transgene. This is likely to occur (D) pMACs were treated with veh, torin, or LPS for 2 h, after which protein was isolated and cytosolic (cyto) vs. nuclear (nuc) fractionation was performed. TFEB distribution and fractionation controls [tubulin (tub) for cytosol, laminin B (lamB) for nucleus] were assessed by Western blotting. (E) Cells were treated with veh or torin for 2 h, after which they were stained with an antibody to TFEB (red) and imaged by fluorescence microscopy. Hoechst nuclear counterstaining (blue) is overlaid on TFEB staining in lower panels. (F) pMACs were transfected with control (con) or TFEB-specific siRNA pools and stimulated with palm-LPS 6 torin. Degree of protein knockdown is shown in the figure inset. (G) The effect of torin on lysosome exocytosis was assessed by staining surface LAMP1 by using a fluorescently conjugated antibody on nonpermeablized cells, followed by flow cytometric quantification of mean fluorescence intensity (MFI). Bar graphs report means 6 SE for a minimum of 3 experiments, each performed in triplicate. *P , 0.05 for BSA-PBS vs. palm-LPS; by TLR4-mediated activation of the CMV promoter that drives transgene expression. The observation that LPS and palmitate block autophagy at the step of lysosome degradation is consistent with our prior data that demonstrate that these stimuli induce lysosome damage [14, 16] .
We hypothesized that inhibition of mTOR might activate autophagy and prevent accumulation of damaged proteins and organelles and thereby mitigate lysosome damage. In line with this predication, treatment with torin led to increased autophagic flux in primary macrophages; however, mTOR inhibitors still attenuated cell death, even in macrophages that were deficient in autophagy proteins ATG16L or ATG5, which are essential for autophagy. Thus, the protective effect of torin on macrophage cell death occurred independent of autophagy.
Another candidate protective molecule that can be activated as a consequence of mTOR inhibition is the transcription factor, TFEB. TFEB regulates the expression of genes that are involved in lysosome biogenesis, lysosome function, and autophagy [34] . Moreover, TFEB overexpression can reduce cell damage in the setting of lysosomal storage diseases or lipid stress [22, [35] [36] [37] . TFEB is phosphorylated mTORC1 and this event prevents TFEB from entering the nucleus and inducing transcription [38] . In this study, we demonstrated that torin treatment induces TFEB translocation to the nucleus; however, siRNA knockdown of TFEB failed to prevent the rescue of cell death by torin. Whether other members of the TFEB family are able to compensate for the loss of TFEB is not known, but this may be an area of future investigation. It also remains a possibility that torin could have lysosomedependent, TFEB-independent effects that protect macrophages from cell death. One such mechanism is lysosome exocytosis, which is known to be protective in other lysosomal storage diseases [22] ; however, lysosome exocytosis was not increased, but, in fact, was reduced in response to torin treatment, which suggests that mTOR inhibition protects at a point upstream of lysosome damage. mTOR signaling is known to modulate cellular lipid metabolism and mitochondrial function [23, 39] . To investigate the influence of mTOR inhibition on macrophage glucose and mitochondrial metabolism, we performed Seahorse Bioscience metabolism assays coupled with inhibitor studies. Macrophage activation leads to a well-described increase in glycolysis, and consistent with this, we observed a significant increase in ECAR in pMACs that were stimulated with LPS. In line with prior studies that implicated mTORC1 activation in the induction of glycolysis, torin reduced LPS-stimulated glycolysis by ;30% [40] . We also observed that LPS dramatically increased mitochondrial OCR in macrophages, and this response was significantly reduced by mTOR inhibition. Thus, as in other systems, mTOR signaling seems to augment mitochondrial oxidative capacity in macrophages [41] [42] [43] . It is important to note that these results are distinct from prior metabolic studies performed with bone marrow-derived macrophages in which LPS treatment inhibits mitochondrial respiration [44] ; however, data from other human and mouse tissue macrophage systems have shown that LPS can enhance mitochondrial respiratory function [44, 45] . The reason for these discrepancies is not known, but may reflect differences in NO or ROS production, both of which can suppress mitochondrial oxidative function [46] .
Our metabolic studies also revealed that palmitate suppresses the increase in mitochondrial OCR induced by LPS, but did not affect the enhanced glycolytic flux. This observation raised the possibility that excess SFAs, in combination with the enhanced flux of other oxidative substrates induced by LPS, could impair mitochondrial function. When this occurs with continued influx of metabolic substrates, the net effect would be metabolic gridlock in a manner analogous to a car accident on the highway during rush hour (Fig. 9) . Such a situation could lead to accumulation of metabolic intermediates that produce lysosome damage directly or indirectly. Torin reversed the suppressive action of palmitate on mitochondrial metabolism and seems to restore balance of metabolic substrate influx with downstream mitochondrial use. Thus, turning down the rate of total cellular metabolism and mitochondrial respiration via mTORC1 inhibition may be protective against the toxicity of lipids in activated macrophages. Relevant to this concept, several recent studies of lipid-induced insulin resistance and diabetes suggest that toxicity from lipid excess occurs as a consequence of overloading mitochondria with energetic substrates [47] . In this situation, generation of acetylCoA exceeds the energetic demands and capacity of mitochondrial oxidative phosphorylation. When this occurs, excess ROS can be generated and/or metabolic intermediates accumulate [48] . Our previous studies excluded a role for ROS in pMACs, which suggests that other metabolic intermediates are likely responsible for toxicity [14] . Human and animal studies have also revealed a synergy between high-fat diet, branched-chain amino acid catabolism, and mTOR activation in the development of diabetes and its complications [49, 50] .
On the basis of these data, we directly tested whether substrate overload might influence macrophage lipotoxicity by using compounds that block metabolism of the 3 primary fuels that feed mitochondrial oxidation, namely, glucose, FA, and glutamine. Although the individual blockade of these substrates did not significantly protect against palm-LPS, the combined inhibition of all 3 pathways significantly reduced cell death. In line with these results, we saw only a mild decrease in mitochondrial OCR after individual inhibition of glucose, glutamine, or FA metabolism; however, blockade of all 3 substrate pathways substantially decreased mitochondrial OCR. Taken together, these findings suggest that mTOR inhibition in LPS-activated, lipid-overloaded macrophages may prevent mitochondrial substrate overload via suppression of substrate flux into the mitochondria. As a consequence, accumulation of toxic metabolic intermediates would be diminished. Metabolomic studies are underway to identify specific molecules that accumulate in lipid-stressed macrophages and to determine their relationship to lysosome damage.
In this article, we provide evidence that inhibition of mTOR can protect inflammatory macrophages from the toxic effects of lipid excess by preventing lysosome damage. These findings fit into a growing body of literature that suggests that mTOR signaling in the context of excess lipids leads to accelerated development of obesity associated complications, including insulin resistance and atherosclerosis [49, 51] . Further research in vitro and in vivo will be necessary to more completely define the links between altered cellular metabolism and lysosome dysfunction in macrophages and to determine its relevance to human disease. Model of mTOR signaling in macrophage lipotoxicity. In response to TLR4 stimulation, mTOR is activated, which leads to enhanced mitochondrial metabolism of multiple substrates. This is an important event for cell activation that leads to increased cytokine production and lipid synthesis. When this occurs in the presence of excess SFAs, such as palmitate, mTORC1 activation still occurs, but downstream mitochondrial use of energetic substrates is suppressed, likely leading to accumulation of toxic metabolites and/or disrupted cell signaling. This imbalance of substrate entry and mitochondrial use could drive lysosome pathology and macrophage cell death.
